Abstract-Investigations were carried out on the manner by which pulsed-high intensity focused ultrasound (HIFU) enhances the effectiveness of tissue plasminogen activator (tPA) in whole blood clots, in vitro. Scanning electronic microscope (SEM) of the surface of the clots showed that the exposures increased exposed fibrin, as well as the number of openings to more interior regions. These findings were supported by fluorescent antibody labeling of tPA in frozen sections of clots treated post-HIFU. Here, improved accumulation at the surface and penetration of the tPA into the clots were observed in those treated with HIFU. Fluorescence recovery after photobleaching was also performed, indicating that the diffusion coefficient increased 6.3-fold for fluorescently labeled dextrans, comparable in size to tPA, in the HIFU-treated clots. Improved understanding of the manner by which pulsed-HIFU exposures can improve the effectiveness of thrombolytics will help optimize the exposures for this application and potentially facilitate translation to the clinic.
I. INTRODUCTION
A VARIETY of procedures has been evaluated for improving thrombolysis using ultrasound, both with and without thrombolytic agents [1] . We recently evaluated the use of pulsedhigh intensity focused ultrasound (HIFU) exposures with tissue plasminogen activator (tPA) both in vitro and in vivo in a novel clot model. tPA combined with pulsed-HIFU significantly enhanced thrombolyis in vitro compared to tPA alone. Levels of D-dimers were also found to be significantly higher when HIFU was combined with tPA, compared to tPA alone, being proportional to the degree of thrombolysis for each treatment [3] . Whole blood clots were formed in the marginal ear vein of rabbits, where combining pulsed-HIFU with tPA significantly enhanced the rate of thrombolyis with tPA. Pulsed-HIFU alone was not found to have any effects on the clot, nor did it create any damaging effects in the vein [2] . In both studies, the pulsed-HIFU exposures alone did not have a significant effect detected.
The results of the studies described earlier indicate that pulsed-HIFU exposures improved the effectiveness of the tPA, and pulsed-HIFU alone did not substantially degrade the clots. Furthermore, these data suggest that pulsed-HIFU may have improved the bioavailability of tPA in clots, perhaps by increasing the transport of tPA. In the present study our goal was to use a variety of in vitro techniques to characterize the effects of pulsed-HIFU exposures on the transport of tPA in whole blood clots. Some preliminary investigations into the mechanisms for these effects were also carried out.
II. MATERIALS AND METHODS

A. Clot Formation
In vitro, whole blood clots were produced, as previously described [3] . In short, 1 ml of fresh venous blood from healthy volunteers was inserted into sections of latex penrose tubing (5/16 in by 12 in, Kendall Healthcare Products, Ontario, CA) and sealed at each end with dialysis tubing closures separated by 3 cm (in order to be compatible with the HIFU system). These constructs were incubated at 37
• C in a water bath for 1.5 h to form a clot, whose typical dimensions were 60 × 40 × 2 mm. The clots were treated with pulsed-HIFU as will be described.
B. HIFU Exposures
HIFU exposures were carried out as previously described [3] . The device was custom modified from an image guided commercial system (Sonoblate 500, Focus Surgery, Indianapolis, IN). The dual probe was comprised of a spherical, concave 1 MHz therapeutic transducer (focal length: 4 cm; diameter: 5 cm) and a coaxial 10 MHz imaging transducer (aperture 8 mm). The focal zone of the therapeutic transducer had the shape of an elongated ellipsoid, with a radial diameter (−3 dB) of 1.38 mm and axial length (−3 dB) of 7.2 mm.
Exposures were carried out in a bath of degassed water (for coupling) kept at 37
• C. Clots were adhered horizontally, two at a time, to a specially made holder attached to a 3-D stage. This setup was then placed over the tank so that the clots were inserted into the water directly opposite the transducer. Using the imaging transducer, the clots were positioned within the focal zone of the therapeutic transducer, as indicated on the graphic user interface. Once in position, the treatment points were designated over the ultrasound image in a grid pattern of 0018-9294/$26.00 © 2009 IEEE 12 points (2 × 6), with a spacing of 2 mm between the points. At each point, exposures consisted of 60 pulses at a pulse repetition frequency of 1 Hz, 10% duty cycle (100 ms ON; 900 ms OFF), and total acoustic power of 60 W (spatial averaged intensity = 4022 W/cm 2 ). Complete treatment of an individual clot lasted 12 min. For sham treatments, clots were similarly inserted into the tank but not given exposures.
C. Scanning Electron Microscope
Clots were prepared for SEM and imaged using previously described techniques [4] . In short, clots were removed from the penrose tubing immediately after sham and pulsed exposures. They were fixed, dehydrated, dried, and sputter coated with gold-palladium. Representative images were captured of sham and pulsed-HIFU-treated clots at 100× and 700× magnification (n = 3) using a JSM-6510LV SEM (Jeol, Tokyo, Japan).
D. Fluorescent Antibody Labeling
Clots receiving either sham or HIFU exposures were immediately treated with tPA, as previously described [3] . Antibody (Ab) labeling of the tPA was performed using standard techniques [5] . After incubations in tPA, clots (sham and HIFU exposed) were frozen and sections were prepared. The tPA in the sections was labeled with a primary monoclonal antibody specific to human tPA that was conjugated with the fluorophore fluorescein isothiocayanate (FITC) (Abcam, Cambridge, MA). Sections were viewed with a fluorescent microscope (Leica, Wetzlar, Germany) at 100× magnification (excitation: 488 nm; emission: 530 nm) and representative images were captured and saved in Tagged Image File Format (TIFF) (n = 5).
E. Fluorescence Recovery After Photobleaching
For these experiments, clots were formed using 900 µL of fresh venous blood mixed with 100 µL of dextran (1 mg/mL in phosphate buffered saline (PBS), fluorescein labeled, Invitrogen, CA), using the same procedure described earlier. Each clot contained 3, 10, 40, 70, 500, or 2000 kDa dextran to investigate diffusion as a function of molecular size. Following HIFU and sham exposures, clots were removed from the penrose tubing and placed in saline filled imaging chambers (CoverWell & Secure-Seal, Electron Microscopy Sciences, Hatfield, PA). Fluorescence recovery after photobleaching (FRAP) [6] was immediately performed on samples, at randomly chosen locations, with a Zeiss 710 laser scanning confocal microscope equipped with Zen 2008 software (Carl Zeiss MicroImaging, Inc., Thornwood, NY) using an excitation of 488 nm and emission bandpass filter of 492-625 nm. In addition, an identical FRAP procedure was performed on the same range of dextran molecular weights but in water, 1%, and 2% agarose. Diffusion coefficients were obtained by analyzing the spatial evolution of fluorescent intensity. A Gaussian diffusion model [7] was fit to a smoothed background subtracted time series. The fitting process computed parameters including spread (ω(t)), amplitude (A(t)), and center (χ c ) of a Gaussian model. The diffusion coefficient was obtained by fitting a line through ω 2 (t) versus time using a robust random sample consensus (RANSAC) [8] algorithm. An image series was excluded from the presented data if it produced less than 30 data points (i.e., valid ω 2 (t) and t pairs) after Gaussian fitting stage or the image series had less than 50% inliers (n = 7-11).
F. Displacement Imaging
Displacements induced by the pulsed-HIFU exposures were visualized using a technique previously described [9] . Briefly, individual pulses were given and radio-frequency (RF) data were collected using the 10 MHz collinear imaging transducer, at a pulse repetition frequency of 2.54 kHz and with a sampling rate of 50 MHz. Data collection commenced 1 ms prior to the cessation of the pulse and continued 122 ms after that. Data were processed offline using a custom MATLAB (MathWorks, Natick, MA) script.
III. RESULTS
A. SEM
Lower magnification (100×) SEM images of the surface of sham-treated clots appeared visibly different than HIFU-treated ones, where two distinct morphologies were observed. At the higher magnification of 700×, sham controls appeared to be a uniform composite of cellular and acellular components. In contrast, HIFU-treated clots appeared to have two distinct regions with a relatively greater and lesser cellular fraction. Enlarging these distinct regions with higher magnification images revealed that compared to sham controls, the HIFU-treated clots had more exposed fibrin, as well as more openings at their surface. Representative images appear in Fig. 1 .
B. Fluorescent Antibody Labeling
A moderate level of fluorescence was observed at the surface of the sham-treated clots. In comparison, greater focal fluorescent intensity was found on the surface of the clots treated with HIFU. In addition, the HIFU-treated clots demonstrated the presence of tPA in the core of the clot, which was not observed in those that were sham treated. Representative images appear in Fig. 2 .
C. Fluorescence Recovery After Photobleaching
Over the range of dextran sizes that were evaluated, diffusion coefficients in water were highest, followed by 1% agarose, 2% agarose, and finally, the untreated blood clots. These results are summarized in Fig. 3 . Over the same range, the increase in diffusion coefficient for the HIFU-treated clots compared to sham controls was increased 1.2-to 6.3-fold. For the 10, 40, and 70 kDa dextrans, these differences were significant (P -value < 0.05, t-test). These experiments were repeated three separate times with similar results in each case. The results appear in Table I .
D. Displacement Imaging
Displacements in the clots were found to be greatest immediately after the cessation of the pulse (243 ± 32 µm; n = 6), and gradually tapered off toward the end of the 100 ms data acquisition period, where displacement was typically less than 10% of the peak value. Displacements were also higher at the front end of the clots (i.e., closer to the transducer); at the back end of the clots, displacements were 176 ± 27 µm (n = 6). A representative time course in displacement in a clot for a single pulse is shown in Fig. 4 . 
IV. DISCUSSION
Pulsed-HIFU exposures used in this study were previously found to significantly enhance thrombolysis of whole blood clots when used in combination with the thrombolytic tPA, both in vitro [3] and in vivo [2] . The results of these studies indicated that HIFU alone did not produce substantial mechanical degradation of the clots, but did improve the effectiveness of tPA. The results of the present study provide more detailed evidence on how this might have occurred. The surface of the HIFU-treated clots observed by SEM showed subjectively that the exposures increased exposed fibrin, as well as the number of openings to more interior regions when compared to sham controls. The result of these openings is demonstrated by fluorescent labeling of tPA in the clot. Improved accumulation at the surface was observed in the HIFU-treated clots, compared to sham controls, as well as penetration into the core of the clots, which was not observed at all in the controls.
Whereas SEM and antibody labeling have previously been used in investigations in clot models [4] , [5] , to our knowledge, the use of FRAP has not. FRAP analysis has been applied to a range of human tissues to investigate macromolecular transport since its utility was first described as a means to determine 2-D lateral mobility rates [6] . Compared to a study carried out in human cartilage [10] , a relatively high degree of heterogeneity was found for transport in the blood clots, both in shamand HIFU-treated samples. The composition of clots is quite diverse consisting of cellular elements, including platelets, red, and white blood cells, as well as clotting factors. The exact density and orientation of these elements most likely influenced the diffusion coefficient and its high degree of heterogeneity. The more than sixfold increase in diffusion of the 70 kDa dextran through HIFU-treated clots, compared to sham controls, is a very promising result considering that tPA, a commonly used thombolytic, has a very similar molecular weight of 66 kDa. In fact, the rate-limiting step of therapeutic thrombolysis has been shown to be the transport of thombolytics in the clot [11] . This significant improvement with HIFU could represent a clinically relevant increase in transport.
The data presented here provide further detail to the previously reported studies, whose results suggest that pulsed-HIFU-mediated thrombolysis could be attributable to improved penetration and transport in the clots. It does not, however, contribute substantially to helping explain the underlying ultrasound mechanisms for producing these effects. To date, only a limited number of studies have investigated possible mechanisms for improving the effectiveness of thrombolytics using ultrasound. These studies have been restricted to lower intensity exposures using nonfocused ultrasound beams, where reported observations, such as fibrin desegregation [12] and improved penetration [13] , were attributable to noninertial cavitation. Whereas a similar mechanism could also have been occurring in the present study, it does not appear likely for the more macroscopic effects observed, which were orders of magnitude greater in scale than the expected influence of local oscillating bubbles.
The redistribution of clot components into acellular and cellular rich regions was seen at the clot surface. The latter appeared to coincide with more exposed fibrin, as well as greater numbers of openings at the surface. This two-phased morphology may explain focal regions of enhanced accumulation of the tPA. A more likely mechanism for such effects was perhaps the repetitive displacements (60 per treatment point), being generated by acoustic radiation forces, which were on the order of hundreds of microns. The possibility that such robust displacements could have caused bulk movement of the clots' acellular fractionleading to improved bioavailability of the tPA-is plausible, especially since our previous in vitro study found a trend of increasing thrombolysis using tPA as we increased the power of our exposures and resulting radiation force [3] . Similar pulsed-HIFU exposures generating this type of local tissue movement were recently associated with increases in convective transport in skeletal muscle [9] . In this case, it was proposed that steep gradients in displacement occurring on the edge of the focal zone could generate localized shear forces for opening up cellto-cell interfaces, and in this way improve transport. Whether the underlying mechanism is radiation forces or something else, or even a combination, will have to be determined in future studies. Ultimately, better understanding of how pulsed-HIFU can improve the effectiveness of thrombolytics will facilitate the optimization of these exposures as well as how and when to specifically take advantage of this tool for clinical applications.
It is important to point out the limitations of our study, perhaps most importantly, this clot model may not reproduce the biology of an organized, chronic in vivo clot, which has very different mechanical and physiological properties. Clinically, HIFU may be most relevant when applied to the chronic clot, which is most recalcitrant to conventional means of thrombolysis. The mechanisms studied could still have implications for clot lysis with HIFU of course.
